Introduction
In Plasma Source Ion Implantation (PSII), an object is placed in a plasma containing the ions of interest, and then pulsed to a high negative voltage, accelerating the positive ions toward the object and implanting them in its
surface El] . This is commonly performed with gaseous plasmas [2, 3, 41.
Recently, this process has been applied with metal-ion plasmas formed by cathodic-arc (15, 61 for metal PSII, [7, 81 for cathodic-arcs), typically as a hybrid implantation/deposition process with long (millisemnd) cathodic-arc pulses and short (microsecond) target bias pulses. In this paper we describe research being conducted at Los Alamos National Laboratory, in which we have added a cathodic-arc running erbium to our large-scale PSII facility [IO, 91, synchronizing the cathodic-arc and target bias pulses so as to achieve a pure metal-ion implantation at high voltage. Our goal in this work is to increase the adherence of ceramic metal-oxide layers deposited conformally on substrates of complicated shape.
Experiment a1 Equipment
Our cathodic-arc, shown schematically in Figure 1 , is constructed from an electrical feedthrough which fits on a 2 314" conflat flange. A 21 mm innerdiameter anode has been welded to the vacuum side of the conflat. A 5.5 mm diameter cathode fits inside a thin alumina sleeve. A trigger wire is wrapped around the end of the alumina sleeve, and passes through a hole drilled in the conflat. This hole is vacuum sealed with epoxy. No cathode cooling, magnetic nozzling of the plasma or filtering of macroparticles is currently performed.
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The cathodic-arc is driven by a solid-state pulse modulator designed by one of the authors (Reass) . It is based on a Powerex CM400HA-24H insulated gate bipolar transistor (IGBT) rated at 1200 V and 800 A, and is driven with a 1 kW dc power supply. A 10 mJ trigger pulse is stepped up to 10 kV with a small transformer. This pulse modulator has been operated to provide 100 ps, 600 A arc pulses at over 200 Hz, although smaller values are used in the experimental results presented below.
Operated with the parameters given above, an erbia (Er203) deposition rate of 1 pm/hr has been achieved on a substrate of area 300 cm2, placed 28 cm from the cathode tip. This substrate intersected only a portion of the erbium plasma, so larger substrates could be coated. The arc pulse modulator can support substantially longer pulses at the arc current and frequency given above, so higher deposition rates can easily be achieved.
For ion implantation, the target is pulse biased with a high voltage modulator developed for our gaseous PSI1 research. The design of this modulator, which is based on the Litton 3408 hollow-beam switch tube, has been described elsewhere [ll] . It can produce 20 ,us, 100 kV, 50 A pulses at 2 kHz, although when used to bias a cathodic-arc target we typically use 40 kV and Particle-in-cell simulations performed with PDP1, a 1-d, bounded, electrostatic code [13] , suggest that varying the delay between the target bias pulse and the cathodic-arc pulse should have a significant effect on the implanted ion current density and energy distribution. Figures 2 and 3 show the implanted ion current density and cumulative energy distribution, respectively, for a 20 cm long blob of lOI7 m-3, Er+' e5 plasma with a drift of 1 crn/ps, that is, created by a 20 p s arc pulse. These parameters were chosen to be similar to those existing in the laboratory experiment presented below. Two PIC simulations are shown, one in which the blob of plasma is in contact with the target, and one in which the leading edge of the blob of plasma is stood off 10 cm from the target, when the target is pulsed to 40 kV with a 4 ps rise time. In both cases, a grounded surface is placed 40 cm from the target.
The plasma-in-contact case produces a typical PSI1 current density profilea high initial peak which drops of€ as a space-charge-limited flow is established. A significant proportion of the ions in this case are implanted at energies lower than the expected 100 keV. In contrast, the plasma-stood-off case has a lower peak ion current density, and nearly all the ions are im-. L .
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planted near the full 100 keV energy. Some of the ions in the latter case are implanted at above 100 keV. This results from the plasma floating up in voltage with respect to the ground, although this effect is enhanced in this simulation by the electrons which are strongly heated by the non-physically sudden onset of the high voltage pulse. The reason for the differences in energy distribution can be seen in Figure 4 , which shows the spatial potential profile present early in the target bias pulse. As soon as the target bias is applied, the electrons in the plasma move to shield the bulk of the plasma from electric fields. However, the applied potential must be dropped somewhere, and due to the limited spatial extent of the plasma, this occurs over the vacuum region and over the non-neutral region created by the motion of the electrons. In the plasma-in-contact case, the vacuum region is entirely behind the plasma, and most of the potential is dropped there early in the pulse. In addition, ions which are uncovered by the initial motion of the electrons are present throughout the sheath thus created, and do not all experience even the lower potential present across this sheath. Nevertheless, the ions do not have far to move to reach the target, resulting in the high initial current density in this case. This combination of high initial current density at relatively low energy accounts for the large proportion of low energy ions shown in Figure 3 . In contrast, the potential is split between the vacuum regions in the plasma-stood-off case, so the ions are presented with a significant potential drop even early in the target bias pulse. This potential drop grows during the transit time of the ions across the stand-off region, so that ions have reached a relatively high energy by the time they are implanted into the target. Later in time, almost all of the potential is dropped across the plasma-target gap in both cases, as seen in Figure 5 . In the plasma-in-contact case, this gap is the sheath which forms between 3 EXPERIMENTAL RESULTS 6 the plasma and target, but in the plasma-stood-off case, it is the residual stand-off distance.
The changes in ion current density seen in a laboratory experiment as the plasma stand-off is changed are similar to those from the PIC simula- dose measured on silicon chips suggests that the emission coefficient may be as low as unity, although it could be higher if neutral erbium atoms were deposited as well. In the Figure 6a , the target bias pulse starts 5 p s before the cathodic-arc pulse. The initial 4 A peak is due to charging of cables and a capacitor terminating the cable. The leading edge of the plasma requires 21 ps to cross the cathode-target gap, and the 20 ps plasma pulse has been drawn out to about 50 ,us by the time it reaches the target. This drawing out might be due to two effects. First, the range of plasma veloci-
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ties quoted earlier in this paper would naturally result in a drawing out of the plasma blob with time. Second, the leading portions of the plasma are more influenced by the electric field present in the target-plasma gap during the target bias pulse, although this effect should be minimized because the sheath which forms on the leading edge of the plasma blob would shield the bulk of the plasma from this electric field. In Figure 6b , the target bias pulse has been delayed to 15 ps after the cathodic-arc pulse, so that plasma does reach the target during its bias pulse. The transit time of the leading edge of the plasma is seen to be 20 ps, about the same as the transit time in Figure 6a , suggesting that the sheath does, in fact, shield all but the ions at the very leading edge of the plasma. Given these effects, the transit times for the leading edge of the plasma are not inconsistent with the velocity measurements described earlier in this paper. In Figure 6c , the target bias pulse has been delayed to 35 ps after the arc pulse. The plasma arrives earlier in the target bias pulse with increasing delay. The sudden drop in target bias current which is seen when the target bias voltage is shut off is believed to have its origins within the modulator, rather than being a plasma phenomena. However, the presence of a plasma does speed up the voltage drop of the target when the modulator is shut down. Our modulator does not utilize a "tail biter" to force the voltage down, relying instead on discharging through a set of resistors. The implantation of positive ions can discharge the modulator voltage faster than the characteristic RC discharge time through these resistors. Figure 6d , in which the target bias pulse has been delayed to 55 ps after the arc pulse, corresponds most closely to the plasma-in-contact case shown in the PIC simulation. As in Figure 2 , there is a high initial current peak resulting from the immediate implantation of ions very near the target. We hope to present, in a future paper, measurements 
Summary and Conclusions
A cathodic-arc has been combined with an existing PSI1 experiment to allow high energy implantation of erbium ions. The target bias modulator is synchronized with the cathodic-arc pulse modulator with a variable time delay between the two. This variable delay allows the plasma drift time between the cathode and target to be exploited to change the load on the target bias modulator, an effect which is seen in both PIC simulations and laboratory experiment. PIC simulations also suggest that this delay can be used to change the energy distribution of the implanted ions. ..
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